Introduction
Summer 2003 over Europe was one of the hottest on record . At the beginning of May the first heat wave raised temperatures over Central and Western Europe up to 30º C and warm conditions persisted during the whole summer. In June and August a sequence of heat waves augmented the anomalies to unprecedented levels. During part of the spring and for the entire summer an anti-cyclone was firmly anchored over the western European landmass, holding back the rain-bearing depressions that usually enter the continent from the Atlantic Ocean. This extreme drought and heat wave had a large impact on society.
France suffered an extraordinary number of casualties, mainly vulnerable elderly people. Abnormal temperatures and drought favoured the risk of fires. Several European countries experienced the destruction of large areas of forest by fire. Thickness of glaciers in the European Alps decreased at a rate about five times larger than the estimated average loss per year. The extreme weather conditions decreased agricultural production, caused power cuts and created transport restrictions. The losses are estimated to exceed 13 billion euros (UNEP 2004) .
Since the global average surface temperature has increased over the 20th century by about 0.6 K (IPCC 2001) and an increase of occurrence of heat waves has been observed (Easterling et al. 2000 , Frich et al. 2002 , summer 2003 event was analyzed in the context of climate change (Beniston 2004; Schär and Jendritsky 2004; Stott et al. 2004 ). Based on the extreme nature of this event, propose that under a high green-house-gas emission scenario an increase of temperature variability in addition to the increase in mean temperature will be observed. According to this hypothesis the European summer climate might experience a pronounced increase in year-to-year variability (Meehl and Tebaldi 2004) with an increased occurrence of record extreme events like the summer 2003. A multi-model ensemble of regional climate simulations (Vidale et al. 2005) found a consensus on the change in the mean summer temperature for the 21 st century, but not all models give increased interannual variability.
At this time a specific factor that sustained the large-scale circulation of summer 2003 has not been isolated. Ogi et al. (2005) linked the abnormal weather in summer 2003 in Europe and Japan to a given planetary circulation regime, the summer Northern Hemisphere annular mode. Cassou et al. (2005) suggested a relationship between European heat waves and two specific summertime atmospheric circulation regimes. Their model results indicated that during summer 2003 the occurrence of these two regimes was favoured by the anomalous tropical Atlantic heating associated with anomalous rainfall over the Caribbean and Sahel. According to Black et al. (2004) the anomaly pattern in cloud and radiative forcing both at the surface and at the top of the atmosphere was a response to the northwards displacement of the West African ITCZ and the Azores anticyclone observed in May. Anomalous clear skies and excessive downward net surface radiative flux contributed to strong evaporation and surface dry-out. Several authors Black et al. 2004) suggested that the dry land surface might have contributed to enhance the local heating.
In a broader perspective, Betts et al. (1996) and Viterbo and Beljaars (2004) review the impact of the land surface in the context of numerical weather prediction, describing some of the feedback loops controlling the boundary layer evolution and discussing typical mechanisms of surface-atmosphere interaction. The key mechanism is the precipitation-evaporation feedback. That feedback can be local (Betts and Viterbo 2005) or non-local (Benjamin and Carlson 1986; Beljaars et al. 1996) , with low soil moisture inducing a reduced evaporative fraction that will lead to convection inhibition conditions. Schär et al. (1999) and Betts and Viterbo (2005) emphasize the role of boundary layer clouds in modulating the land surface-atmosphere interaction for Europe and the Amazon basin, respectively.
Central to all mechanisms described above is the notion of soil moisture memory (Delworth and Manabe 1989; Entin et al. 2000; Hu and Feng, 2004; Vinnikov et al. 1996) . Observed variance in mid-latitude soil moisture in larger spatial scales, associated with atmospheric synoptic variability, has a red noise signature, with periods of order two months for the top metre of soil. Model results show similar soil moisture memory (Koster and Suarez 2001; Schlosser and Milly 2002) that can be associated with long spells of extreme temperatures (Brabson et al. 2005) , and can lead to enhanced predictability in the subseasonal timescale (e.g. Douville and Chauvin 2000; Douville 2004 ). The onset of prolonged drought conditions can be associated with sea surface temperature (SST) anomalies in spring, but soil moisture anomalies in summer will have an important role in maintaining the drought, as demonstrated by Hong and Kalnay (2002) for the 1998 Oklahoma-Texas summer drought.
Estimates of the impact of soil moisture on precipitation are strongly limited by the paucity of soil moisture observations covering regional to continental scales. Model simulations remain the sole alternative to study the degree of surface to atmosphere coupling, but results are often model dependent (Koster et al. 2002) . Koster et al. (2004) used a multi-model ensemble to identify "hot-spots" of surface to atmosphere coupling. Those locate preferentially in semi-arid and monsoon regions and the coupling is particularly relevant when the ENSO signal is small and/or in regions with weak circulation. Fig. 1a ; see also Fink et al. 2004) . Extreme anomalies were equally evident in the lower troposphere, at 925 hPa (not shown) and 850 hPa (Fig. 1b) . Over Central Europe strong anti-cyclonic conditions totally dominated the month of June and August. During these months a persistent wave pattern of 500-hPa height anomalies was observed, featuring deep troughs over the eastern Atlantic and western Fig. 3a ,b show the seasonal-mean anomalies in precipitation respectively for spring and summer 2003. The anomalies, estimated using the GPCP monthly data set (Huffman et al. 1995) 
ECMWF seasonal forecast performance
Since the skill of monthly forecasts has been discussed elsewhere (Vitart, 2005) , we turn our attention now to the ability of the ECMWF seasonal forecast system to predict the anomalous summer. The ECMWF seasonal forecast system, a 41-member ensemble of coupled ocean-atmosphere simulations at 210 km horizontal resolution, generates outlooks up to 6 months in the future (van Oldenborgh et al. 2005ab , http://www.ecmwf.int/products/forecasts/seasonal/documentation/).
It is interesting to look at the climagrams for the seasonal predictions of May and June 2003 over Southern Europe [35-50ºN 10ºW-30ºE] (Fig. 4) . The climagram is a relatively new type of forecast product and it shows, for a specific area, the forecast distribution together with the corresponding ERA-40 climate distribution. Filled squares represent the observed anomaly, computed with respect to ERA-40; box and whiskers represent the predicted anomaly distribution, computed with respect to the model climate. Shaded and dotted bands represent the ERA-40 climate distribution The SST predictions from the seasonal forecasting system were quite successful in reproducing the cooling over the tropical eastern Pacific and the persistence of a SST anomaly pattern over the Atlantic Ocean (not shown). The North Atlantic SSTs have been considerably above average during the year preceding summer 2003. Since April they remained above 2 standard deviations across the high latitudes, and also across large portions of the subtropics. These warm conditions seem associated with an ongoing warm phase of the Atlantic Multi-decadal Oscillation (AMO) initiated in the mid 1990s (Gray et al. 2004; Delworth and Mann 2000) . Fig. 5 shows the SST seasonal-mean anomalies for summer 2003. The Atlantic is anomalously warm from 70ºN to the Equator except for the central area located about 30ºW 50ºN. This anomaly pattern evolved from May to June and remained rather stationary during the summer months with gradually intensifying amplitude. Since the SST anomaly pattern over the Atlantic seems to be driven by radiative forcing (Black et al. 2004) , in the case of summer 2003 the SST anomalies could have had a rather passive role. During the last 2 weeks of April the Mediterranean basin warmed quite rapidly. The May seasonal forecast persisted the SST initial anomaly, while its April counterpart failed to reproduce the onset of the warming. Over the Indian Ocean, positive SST anomalies in late spring and summer 2003 were under-predicted. In this warm water area, relatively small anomalies (about +0.5 degree) can have a significant impact to the monsoon circulation and in turn affect the summer circulation over the Mediterranean basin (Rodwell and Hoskins 2001) . However, as we shall see in section 4, an ensemble of simulations with an atmospheric model forced by observed SST conditions indicate that even with prescribed oceanic conditions the event was difficult to predict. Other seasonal forecast systems, e.g., those run by the UK MetOffice and MétéoFrance, had similar difficulties in predicting the summer 2003 event (André et al. 2004 ).
Since the seasonal forecasts reported in this section show reduced skill and the role and mechanisms of the SST in determining the extreme summer 2003 is far from clear, it is legitimate to investigate the predictability associated with the land surface. Several of the studies reviewed in the introduction suggest that, in years with weak ENSO forcing, soil moisture memory might lead to increased predictability. More specifically, what would be the impact on seasonal forecasts of a specification of an initial soil moisture anomaly? Given the lack of long-term continental-scale soil moisture observations, before we answer that question we need to look into the land-surface atmosphere feedbacks in a data assimilation system during the months leading to summer 2003.
Surface energy and water budget and uncertainties in soil water conditions
The synoptic conditions leading to the successive heat waves and the atmospheric circulation prevalent during the summer months of 2003 were described in the previous section. Although the mechanisms are not fully understood, it is clear that the large-scale flow was anomalous and triggered the warm anomaly. It is less clear if the exceptional magnitude of the anomaly can be entirely due to large-scale (dynamic) conditions, or if surface-atmosphere (local) feedbacks could have been responsible for the runaway dry/warm event.
Several studies indicate that summer drought conditions can nonlinearly amplify large-scale temperature anomalies (Schär et al. 1999; Viterbo and Beljaars 2004 for a review); the mechanisms can be particularly effective when advection is small. One such mechanism starts with a low precipitation in spring, leading to below normal soil moisture in early summer, reducing evaporation and further reducing precipitation; in the presence of low soil moisture, surface net radiation leads to sensible heat rather than evapotranspiration and therefore can exacerbate the temperature anomalies. Clouds can also play a role in such persistent dry events: A deficit in low clouds in late spring can lead to excessive available energy at the surface, driving evaporation and leading to an anomalously dry soil in early summer (Viterbo 1996) . Low soil moisture, in turn, leads to too high cloud base and a set of conditions affecting precipitation generation mechanisms, which will prolong the drought.
In the remaining part of this section, we will characterize the surface conditions during the spring-summer 2003, focusing our attention on the area of maximum warming anomaly, as displayed in 
Anomalies in the surface energy budget
The upper-left panel in Fig. 6 displays surface net shortwave radiation. As previously described in Black et al. (2004) As expected, there is a clear parallel between the net surface radiation and the surface heat fluxes. The surface sensible and latent heat flux (shown in the lower left and right panels of Fig. 6 , respectively) do not show significant anomalies until May, when the sensible heat flux is slightly larger than the ERA-40 median (model convention has upward surface fluxes as negative values). June shows an enhancement of both sensible and latent heat fluxes. In July and August, though, the sensible heat flux increases while the latent heat flux decreases, a clear signature of evaporative stress as a result of an increasingly dry soil.
We will show in the next sections how the anomalous net radiative energy at the surface drive excess evaporation in late spring, leading to a dry summer soil, reducing summer evaporation and further enhancing the near-surface warm anomaly.
Soil moisture conditions and uncertainties
In the following, we will relate the anomalous surface fluxes in the short-range forecast presented in the previous section with the analyzed soil moisture. The time evolution of soil moisture analysed values is given by
W (kgm -2 ) is the analysed vertically-integrated soil moisture mass per unit area (hereafter soil water), P, E, and Y (kgm -2 s -1 ) are precipitation, evaporation and runoff, respectively, in the short-range forecasts linking successive analysis times, and A w (kgm -2 s -1 ) represents the analysis increments, scaled to represent a rate of change. Soil moisture assimilation is necessary to prevent drifts in the analysis soil moisture (Douville et al. 2000) ; drifts can be a result of deficiencies in the forcing (e.g., cloudiness, affecting the surface radiative fluxes that drive evaporation, and precipitation) or errors in the model surface parameterization. Soil moisture increments are a linear combination of increments in the two-metre temperature and relative humidity analysis (Douville et al. 2000) ; in this way, the analysed soil water values modify the evaporative fraction (surface latent heat flux scaled to the net radiation) to ensure better near-surface weather parameters in the subsequent forecast. Douville et al. (2000) and Betts et al. (2003) show that the assimilation increments are a non-negligible fraction of the seasonal change in soil water. As we shall see, the soil water anomalies in spring-summer 2003 reflect the anomalies in the surface fluxes, toned down by the soil water increments. The quantity shown is the soil moisture index (SMI) for the top metre of the soil (containing most, but not all, the root mass in the model); we will loosely refer to the top metre of the soil as the "root layer". The ECMWF soil land surface model, TESSEL (van den Hurk et al. 2000; Viterbo and Beljaars 1995) has a geographically constant soil texture, with two values controlling soil water resistance to transpiration, permanent wilting point (PWP) and field capacity (CAP). Above CAP, the soil water resistance to transpiration is at a minimum; at lower soil water, the resistance grows until PWP is attained and transpiration is suppressed. We will use in the following a soil moisture index (SMI), defined as a linear transformation of the soil water, with values between 0 and 1 for soil water between PWP and CAP: We have shown in this section that 2003 operational analysis soil water is clearly anomalous when compared to the ERA-40 distribution. This is true despite the soil moisture increments (in both ERA-40 and operational analysis) significantly dampening the amplitude the annual cycle. Soil moisture increments, necessary to avoid a drying drift of the analysis in summer, probably respond excessively to near-surface model bias. The bias might be associated with deficiencies in the parameterization of boundary layer clouds, top entrainment, surface evaporation or soil hydrology; all the above deficiencies are aliased into soil moisture increments. Coupled and uncoupled model simulations covering the whole of ERA-40 or a subset of recent years further confirm that model climate is dampened by soil moisture increments. Month 6 of coupled ocean-atmosphere ensemble integrations for 2003 shows summer values shifted towards the driest values of the ensemble of all integrations.
Evaporation anomalies
The difficulties of assessing the realism of anomalous soil moisture values in 2003 have been highlighted in the previous section. In this section we will look at the impact of soil water in the atmosphere, and try to assess how the deficiencies in the amplitude of the soil moisture annual cycle impact on the atmosphere. The left panel of Observation based regional to continental-scale estimates of evaporation are scarce. An "aerological" estimate of evaporation, E, can be computed in areas where credible observation-based precipitation, P, values exist, using the following equation
Precipitation will be taken here from GPCP estimates (Huffman et al. 1995) and vertically integrated atmospheric moisture convergence, ∇ ⋅ Q , from ERA-40 atmospheric analysis; we neglect monthly variations in total column water, of the order of 0.1-0.2 mmd -1 ). The right panel of values. This is consistent with the systematic dampening of the seasonal cycle and suggests that the atmosphere in ERA-40 (or operations) does not see the "full" anomalies at the surface. There is a large spread of "aerological" evaporation estimates in the winter months, difficult to reconcile with the expected low values of evaporation in the presence of reduced radiative forcing; this could be due to uncertainty in moisture convergence, uncertainty in precipitation, or simply the fact that the "aerological" evaporation in winter is the difference of two terms of similar magnitude but opposing sign. Alternative precipitation observation-based estimates were tried, but did not affect the indirectly-estimated evaporation, presumably because of the relatively high density of gauges in the study area. We conclude that the "aerological" estimates of spring and summer evaporation are robust and suggest that the ERA-40 values have insufficient interannual variability.
We have seen in section 3 that, although the system qualitatively describes mechanisms essential to the maintenance and enhancement of the extreme warm/dry event, and suggests a capability of early diagnosis of an impending drought, the soil moisture dynamical range is too small; the soil does not dry enough in late spring and summer, mainly as a result of the systematically positive increments of soil moisture assimilation. The description of surface anomalies in this section serves as a basis for the sensitivity of uncoupled 3-month integrations to different values of initial soil water. Given the large uncertainties associated with soil water, we can only give a qualitative judgement on the realism of imposed soil moisture perturbations at the surface.
Sensitivity to soil moisture initial conditions
In order to explore the atmospheric model sensitivity to the soil moisture initial conditions several numerical simulations of the summer 2003 have been performed. Given the difficulty of defining a good proxy for realistic soil water values, we have performed idealized simulations designed to provide a guideline for the model response to initial soil moisture perturbations. As we shall see, results from such experiments can also well describe the non-linearity of the soil water impact.
It is important, for the understanding of predictability of the extreme event of 2003, to relate the impact of initial anomalies of soil water with the role of perfect prediction of SST anomalies in the skill of seasonal forecasts. Although this is not straightforward in the context of the idealized nature of the initial soil moisture anomalies, we shall see that the experimental setup will allow at least a semi-quantitative way of addressing the problem.
Experimental design
Ten ensembles of 4-month atmospheric simulations are used to assess the response to different initial soil water conditions. Each ensemble has initial soil moisture prescribed to uniform values in a large European area extending from 35-60ºN to 10ºW-30ºE. The prescribed soil moisture ranges from very dry values, effectively shutting-off model evaporation (soil moisture index, SMI=0), to very wet values (SMI=1). In the first five ensembles the initial soil moisture is prescribed just in the so called "root zone" between the surface and a depth of one metre (Table 1 , first row). The second five ensembles have the initial soil moisture prescribed in the root zone and below (Table 1 , second row); in this case the perturbed initial soil moisture is defined for the entire soil column, with a total depth of 2.89 m. Non-linearity of the response to soil moisture anomalies can either be studied by comparison of pairs of experiments with the same difference in initial SMI, but with different dry and wet values or by assessing the impact of doubling the initial SMI difference. In Fig. 11 
Atmospheric response to initial soil moisture conditions
In order to quantify the local impact of soil moisture initial conditions two different areas were inspected. One area [37-52ºN 10ºW-20ºE] represents the region where the two-metre temperature anomalies for June to August 2003 exceeded twice the standard deviation values. A smaller area previously used in section 3, covers the region with temperature anomalies larger than 3 times their typical year-to-year variations. Results from this smaller area are quite similar to the ones from the area 1 and are not shown. Table 2 shows the atmospheric response over area 1, averaged during the first, second and third month of the simulations, in relation with the amplitude of the initial soil moisture perturbation in the root layer. Ensemble mean differences of geopotential height at 500 and at 1000 hPa and of temperatures at 850/925 hPa for month 1 month 2 and month 3 describe the atmospheric response to the surface initial perturbation. Bold entries indicate that the response is significantly different from zero with a confidence exceeding 95% according to the Student's t-distribution. [37-52ºN, 10ºW-20ºE] . The numbers in bold are significant at 95% level. Larger atmospheric response is associated with larger initial soil moisture perturbations. All responses are consistent with a ridge at 500 hPa, a lower troposphere warming (850/925 hPa), and a thermal low at the surface. We will now analyse results in decreasing order of initial amplitude of soil moisture anomaly. For a perturbation of initial SMI=1 the low level atmospheric impact is significant up to month 2. Although not significant at 95% level, the response in altitude for the first month is significant at 90%. Although a perturbation SMI=1 is clearly unrealistic, the main purpose of this pair of experiments is to put an upper limit to the response of initial soil moisture anomalies. For an amplitude of initial SMI=0.75, in the range 0-0.75, the atmospheric impact at low level is evident up to the second month. For the same amplitude but in wetter soil conditions (SMI range 0.25-1) the low level response is quite reduced and the thermal low response is not significant at 95% level. Similarly, a perturbation of SMI=0.5 significantly affects locally the low level atmospheric flow during the first month only when the perturbation is used in the driest of the three possible regimes. In general, perturbations of SMI=0.25 have relatively little atmospheric impact. Nevertheless, it is worth noticing that when a soil moisture perturbation of SMI=0.25 is applied in very dry conditions (SMI range 0-0.25) the atmospheric response is comparable to the one associated with a perturbation of twice the amplitude in a wetter regime (SMI range 0.5-1). Figure 12 illustrates the spatial distribution of the impact of perturbed soil moisture initial conditions at different vertical levels. Although the amplitude of the impact depends upon the amplitude of the initial perturbation and upon the dry/wet soil regime, the patterns shown are broadly representative of the typical atmospheric response. Figure 12 shows the ensemble mean differences between R025O and R075O at month 2. At low level the atmosphere, being warmed from the surface, responds locally with a thermal low. The warm response at 850 hPa and the high at 500 hPa are associated with the thermal low. Since at higher level the response is significant only over a small area, the corresponding spatial-averaged impact noted on Table  2 (row 5) is considered not significant. Other parameters like two-metre temperature and precipitation (not shown) presented consistent results, with warmer and drier simulations associated with the dry soil moisture ensemble. Table 3 shows the impact obtained by perturbing the initial values of the whole soil depth. Results are arranged as in Table 2 , but with one additional column for the atmospheric response during month 4, since extending the perturbations to the soil below the root zone (to a depth of 2.89 m) lengthens the period of atmospheric response. In general, initial soil moisture perturbations applied to the total soil depth, instead of the root zone only, increase the magnitude of the impacts at any given lead time for any of the atmospheric parameters, and increase the pairs of months/parameters for which the results are significant. Temperature response at the lower troposphere is significant up to month 4 for very large initial amplitude (SMI 1 and 0.75). Impact at 500 hPa is significant in the first month of all simulations with large and moderate initial soil moisture amplitude (SMI 1, 0.75, and 0.5). In some cases, such as for the differences T025O-T075O at 1000 hPa, the response pattern is partly outside the area used in Table 3 , and as a consequence impacts corresponding to the same forecast range might seem inconsistent. In summary, perturbations applied to the total soil depth seem to be very effective and, even for small amplitudes (SMI= 0.25), the atmospheric response results are significant after 2 months. Non-linearity of the impacts can clearly be seen when confronting Table 3 entries for different ranges corresponding to moderate and low initial SMI amplitude (0.5 and 0.25, respectively) or comparison of the impacts of experiment pairs with the same SMI range but different dry initial values. For the same amplitude of initial soil moisture perturbation, the suggestion that the impact is larger for drier soil moisture states is even more evident when the perturbations extend to the total soil depth (cf. Table 2 and Table 3 ). This behaviour is due to shutting up of evaporation in extremely dry regimes, feeding back into the atmosphere as reduced precipitation. Figure 13 shows the spatial response at months 2 and 3 to initial soil moisture perturbations applied to the whole soil depth. As in Fig. 12 , the response is related to an initial perturbation of SMI=0.5 and is computed as the ensemble mean differences between T025O-T075O. At month 2, the warming at 850 hPa exceeds 5 K while the impact on the 500 hPa geopotential height exceeds 30 gpm. At month 3, the temperature anomaly pattern hardly changes, but the amplitude reduces to 3 K, while the impact on the geopotential height aloft is less clear. At month 2, the 500 hPa response to the perturbations in the root zone soil moisture (Fig. 12 , top panel) is a positive anomaly in Southern Europe; the corresponding impact for perturbations to the entire soil depth (Fig. 13 , top left panel) shows a horseshoe pattern, with a negative anomaly over the Bay of Biscay extending to the British Isles and to the Iberian peninsula and a positive anomaly centred over the Eastern Mediterranean area and linked to Scandinavia.
Figure 13 Ensemble mean differences of the geopotential height at 500hPa (top row, units gpm) and. temperature at 850hPa (bottom row, units K), during the second month (left panels) and third month (right panels). The first ensemble has soil wetness initial conditions prescribed to a uniform value of SMI=0.25 (T025O) and the second one to a value of SMI=0.75 (T075O) for the whole depth of the soil.
Contours as in Fig. 12 .
Results of the extensive experimentation described above show that the atmospheric response to large soil moisture initial perturbations extends up to month 2 and is non-linear. The response is larger for drier regimes. Extending the perturbations to the soil below the root zone (to a depth of 2.89 m) increases the atmospheric response and its memory up to 3 months if the anomalies are large. Although large, the impact on the 500 hPa circulation is less often statistically significant than that at lower levels. While in general the response is barotropic, the signal at 500 hPa is less locked to the imposed area of initial SMI anomalies. Averaging over a fixed geographical area (as in Tables 2 and 3 ) necessarily increases the ensemble spread, resulting in the reduction of significance.
SST vs. initial soil moisture response
Due to the paucity of soil water measurements it is difficult to compare the various values of soil wetness used in the previous section as initial conditions with those present at the beginning of June 2003, except in a broad, qualitative manner. Therefore it is not straightforward to quantify the real contribution of the initial surface conditions to the prediction of observed extreme temperature anomalies and compare it with the role of the SST forcing. Nevertheless, we have already pointed out, in Fig. 11 , that the European averaged initial soil moisture conditions of R075O, SMI=0.75, is not far from the analised soil moisture at the beginning of June, used in the unperturbed soil moisture experiments, INIWO and INIWC. Indeed, the differences between experiments INIWO and R075O are negligible (not shown). The spatial distribution of the impact related with the SST forcing presents a north-south dipole temperature structure with positive anomalies in the North and negative in the South of the domain. By month 3 the warm anomalies amplified over Scandinavia and the cold response over the Mediterranean reduces substantially. When the SST forcing is combined with the initial soil water perturbations (Fig. 14b,c ) the impact is a large warm anomaly centred over France extending to the Iberian Peninsula to the West, up to Ukraine to the East and to Denmark to the North. Over the Eastern Mediterranean sea the cold anomalies related with the SST forcing are still evident when the soil moisture perturbation is confined to the 3 top layers (Fig. 15b) . At month 3 the combined SST soil water forcing the warming shifts the warming downstream (Fig.15 b,c) .
The effects of soil moisture alone, evaluated by the ensemble differences between R025O-R075O and T025O-T075O (respectively Fig.12 and Fig13) , are rather similar to the combined SST/soil moisture effect, apart from the cooling signal in the Eastern Mediterranean Sea. Differences between R025O-INIWO and T025O-INIWO (not shown) have very similar atmospheric response to the ones in figures 12 and 13 implying that the effect of a spatial structure in the initial soil water conditions is marginal. Those results suggest that the importance of the SST is marginal for the southern European extreme warming when compared to large initial dry anomalies. Although of very different amplitudes, the SST and land surface forcing are effective in different locations and their combined response is approximately linear.
As mentioned in section 1, the synoptic conditions that triggered and sustained the warm anomalies of summer 2003 are not yet well understood. It is worth noticing that there is month-to-month variability in the observed warming, as referred in section 2. July is the least anomalous month, although the observed temperatures were still above normal. The circulation in July is shifted when compared to June and August, with a marked blocking pattern over Scandinavia. We find little sign of a July/August contrast in the atmospheric response in our simulations. As mentioned earlier, the details of the sensitivity shown here might be model dependent (Koster et al. 2002) . Nevertheless, results presented in this section have shown that the ocean boundary conditions alone are not able to reproduce the persistent large-scale anomaly circulation beyond one month, especially with regards to the Southern European warming. In contrast, figures 12 and 13, and Tables 2 and 3 (pairs 025O-075O) show a large response to initial dry soil anomalies that can persist up to 3 months in the integrations.
Discussion and conclusions
The synoptic characteristics associated with the warm European summer of 2003, with June and August exceptionally warm and dry in the lower troposphere and very strong anti-cyclonic conditions, were reviewed. Although the circulation was not as anomalous in July, the temperature was well above normal.
The first key result in this study was a clear identification, at the end of May, of precursors for the severity of the drought, by comparison of the results of analyses and short-term forecasts in summer 2003 with ERA-40 variability. A combination of positive anomalies in the surface shortwave radiation and the observed precipitation deficit in the spring months gave a clear indication of an impending dry summer.
Reduced low cloudiness in spring and summer led to positive anomalies in surface shortwave radiation, with values above the 90th percentile in most months. The land surface starts responding to this forcing in May, with a larger than normal sensible heat flux. From July, the increase in sensible heat flux is matched by a decrease in the latent heat flux, a clear sign of evaporative stress associated with an increasingly drier soil. The analysed soil moisture in 2003 is anomalously low when compared to ERA-40. Nevertheless, oceancoupled or uncoupled long integrations of the ECMWF model display a larger seasonality of soil moisture, with drier values in summer, suggesting that the soil moisture analysis increments dampen the seasonal cycle and hampering the role of soil water analysis values as possible predictors for drought.
The ECMWF seasonal coupled ocean-atmosphere system could only forecast a warming anomaly in the first month of the forecast. Integrations started in the beginning of May had little signs of anomaly in June. Since the seasonal forecasts start with analysed soil water values, and those show a subdued seasonal cycle of soil water, we performed an extensive set of ensemble of June-September integrations with synthetic initial soil moisture values. We aimed to establish the magnitude of soil water anomalies necessary for a soil water memory extending for several months. Note that we are not addressing another relevant question here, on the impact on seasonal forecast skill of a "perfect" simulation of the evolution of soil moisture (see e.g. Dirmeyer 2000) .
The second set of key results in this paper stems from the analysis of the atmospheric response to the initially imposed anomalies. The response to large initial perturbations in the root zone extends up to month 2 and is non-linear, larger for drier regimes. This non-linearity might be a clue to the reduced skill of the operational seasonal forecasts. Perturbations to the whole soil depth increase the amplitude of the atmospheric anomaly and extend its duration up to 3 months. The atmospheric response to one set of idealized soil moisture perturbations was compared with the impact of the lower boundary conditions over the oceans, by comparing two integrations with observed vs. climate SST prescribed values. The SST and land-surface forcing is effective in different locations and their combined response is approximately linear. However, the observed SST impacts are much smaller than the response to large dry initial soil anomalies. The first row of Table 4 shows the impact of observed SST, on June-July-August 850 hPa temperature. The impact of initial soil dry anomalies, shown in the second and third row, is one order of magnitude larger than the SST impact. When applied to the whole soil depth (third row), that impact is very similar to the observed anomaly, shown in the last row. Table 2 ). The lack of a reliable regional to continental scale estimate of soil water is the main caveat to the results presented in this paper. The gravimetric twin-satellite mission GRACE (Wahr et al. 2004 , Tapley et al. 2004 can provide data on the time variation of the terrestrial water storage in time scales ~6 weeks and spatial scales around 300-500 km (Rodell et al. 2004 ) and regular comparisons with similar estimates from the Numerical Weather Prediction systems will provide the necessary validation material. At present, we cannot quantify the "real" extent and amplitude of the soil moisture anomaly and its impact on the atmosphere.
The anomalous hot European Summer of 2003 is difficult to predict beyond one month and the key forcing that sustained the large-scale anti-cyclonic circulation for longer than a season is not well understood. However, the dry soil conditions have contributed to the amplification of the local temperature anomalies. The large uncertainties in the soil moisture analysis and the atmospheric response to soil water conditions documented in this study suggest the need to improve the soil moisture assimilation and the land surface model at ECMWF.
Currently, each seasonal forecast ensemble-member runs with a perturbed ocean initial condition; perturbations are constructed to take into account uncertainties in the surface winds and SST. It would be worth considering the use of perturbations in the initial conditions of soil water, commensurate with soil moisture uncertainties, in the generation of the seasonal forecast ensembles.
The role of the land-surface in extending predictability in the monthly to seasonal ranges has been insufficiently explored and will be a subject of increased attention in the near future, providing additional focus and justification for developments in land-surface model parameterization and assimilation methods.
